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Introduction
Caribbean coral reefs have experienced large-scale and persistent changes in their ecology in the past two decades (Lessios 1988; Knowlton 1992; Hallock et al. 1993; Aronson & Precht 1997; Connell 1997) . Many reefs have undergone a switch in the dominant cover of the hard substratum from hard corals (Scleractinia) to fleshy algae (Levitan 1988; Carpenter 1990; Hughes 1994; Shulman & Robertson 1996) . The factors causing this switch are not always clear, but investigators most frequently cite numerous interacting influences including diseases, nutrient increases, coral bleaching, and changes in predator-prey relationships. Diseases have caused the large-scale demise of both corals (Gladfelter 1982; Aronson & Precht 1997) , particularly species of Acropora, and an important grazer, namely the sea urchin Diadema antillarum (Lessios 1988) . The massive reduction in the abundance of this sea urchin, combined with reductions in fish grazers attributable to fishing (Hay 1984) , is frequently cited as a cause of fleshy-algal dominance (Carpenter 1990; Hughes 1994; Shulman & Robertson 1996) . Dominance of erect algae is also frequently attributed to increases in seawater nutrient concentrations that are hypothesized to increase the abundance of algae which may overgrow and kill corals (Lapointe 1989; D'Elia & Wiebe 1990; Bell 1992; Hallock et al. 1993) . Increasing nutrients can increase algal growth (Hatcher & Larkum 1983; Littler et al. 1991; Delgado & Lapointe 1994) , but field experiments are ambivalent with some studies showing increased abundance (Bosman & Hockey 1986) and others not (Hatcher & Larkum 1983; Larkum & Steven 1994) . This may occur because grazing and physical disturbances can frequently compensate for the increased algal growth.
Human influences on coral reefs are both local and global. Distinguishing these factors will require studies from different reef environments as well as carefully controlled experimental and modelling investigations. Many studied reefs are close to shore and localized human influences such as fishing and increased concentrations of nutrients. The location of these reefs frequently makes it difficult to distinguish global from local influences and their associated changes. Remote reefs are more likely to detect large-scale global change than nearshore reefs, and comparing changes in near and offshore reefs can, therefore, improve the chances of distinguishing global from local change. In this study we present evidence, from a comparison of patch reefs over a 25-year interval, for a large-scale change in the ecological state of one of the largest and most remote reef atolls of the Caribbean, namely Glovers Reef (Fig. 1) . The purpose of our Wallace (1975) distinguished as having three coral zones in 1970-1971 (Porites-Algae Zone, Acropora Zone and Montastrea Zone). Map shows the approximate locations of the patch reefs studied in 1970-1971 and 1996-1997 . Twenty patch reefs were sampled, but not all the individual locations are shown on the map because some were close to each other. study was to repeat the benthic cover studies of Wallace (1975) and to further test his suggestions that there are different patch-reef zones and that the successional sequence of hard corals is from Porites to Acropora to Montastrea dominance. Finally, we were interested in determining whether or not a remote reef atoll has remained ecologically stable when many nearshore reefs in this region have experienced large ecological changes.
Methods

Study site
Glovers Reef is a 260 km 2 atoll located approximately 30 km offshore and 15 km east of the Belizian Barrier Reef (Fig. 1) . The atoll is a nearly continuous reef with three tidal channels and contains approximately 850 patch reefs within the lagoon (R.N. Ginsburg, unpublished data 1973; Wallace 1975) . The outer edge of the atoll drops over less than a kilometre into deep water (Ͼ500 m), while the central lagoon seldom exceeds 20 m in depth. Aspects of the geology, sediment distributions and climate of this atoll have previously been described by Stoddart (1962) , Wallace (1975) , Wallace and Schafersmann (1977) , and Gischler (1994) . The reef is lightly to moderately fished by a few (Ͻ20) resident fishers and by migrating fishers who rely on boats carrying ice storage facilities. We would roughly estimate the density of fishers to be between 0.1 and 1.0 fishers/km 2 of lagoon. Fisher densities on patch reefs would be higher, as much of the lagoonal areas dominated by sand and seagrass are fished less intensively than the patch reefs. Fishers appear to focus their efforts on the shallow patch reefs in the lagoon, often spearfishing, but they move into forereef environments during calm weather conditions (T.R. McClanahan, personal observations 1996 McClanahan, personal observations , 1997 .
The atoll's coral reefs can be divided into four major reef habitats or zones based on the atoll's geology, depth and exposure to waves, namely the fore reef, the reef crest, the back reef and lagoonal patch reefs. Patch reefs, the main focus of our study, occur in the atoll's lagoon and are isolated, shallow areas varying in size from c. 25 m 2 to c. 10 000 m 2 and separated from each other by sand and seagrass beds at 4-20 m depths. Patch reefs consist of massive corals (genera Montastrea, Diploria, Siderastrea, Porites) with occasional thickets of Agaricia and Acropora cervicornis. Sea fans (Gorgonia ventalina), sea whips (Eunicea, Plexaurella, Pseudoplexaura) and brown algae (Lobophora, Dictyota, Turbinaria, Sargassum) are abundant on dead coral surfaces. Wallace (1975) studied the benthic cover and inferred successional changes of 16 patch reefs scattered throughout the Atoll between 1970 and 1971 using one large belt transect per patch reef. Wallace (1975) also produced ecological profiles of corals for back reef, reef crest, and fore-reef environments, but these profiles were based on very few replicate sites and were, therefore, not repeated in our study. His dissertation also contains 11 black-and-white photographs of the patch reef environments. Wallace (1975) suggested that patch reefs consist of three main coral assemblages which represent different stages of recovery after disturbance from hurricanes. These assemblages were classified by the dominant coral genera from youngest to oldest successional stages as Porites Algae, Acropora, and Montastrea (Wallace & Schafersman 1977) .
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Figure 2 Comparison of total hard coral and algal % substratum cover between 1970-1971 and 1996-1997 in the three reef ecological zones (a to c) and on all studied reefs combined (d). Error bars are standard errors of the mean.
Our study selected 20 patch reefs distributed in the same areas as those selected by Wallace (1975) during field work conducted in 1970-1971. Between May 1996 and July 1997 we completed (1) 10 m line-transects on all 20 reefs and (2) an assay of herbivory using Thalassia testudinum at 12 of the reefs.
Data collection
Benthic cover for each patch reef was determined by three loosely-draped 10 m line-transects placed on each patch reef at deep (c. 2 m depth), mid-depth (c. 1 m) and shallow (c. 0.5 m) sites. The placement of these transects corresponded to the edge, shoulder, and centre of the patch reefs and covered the same areas and depths as Wallace's (1975) belt transects; however we pooled our data from the three transects before making comparisons. Algae and hard corals occurring on the substratum under the line transect which were larger than 3 cm were identified to the genus in the case of algae and to the species level in the case of corals. From these measurements the percentage cover of each category was calculated for each reef. Wallace (1975) presented his transect data as six categories, namely algae (all types), Acropora cervicornis, A. palmata, Porites porites, Montastrea annularis and 'other coral species'. Wallace (1975) also pooled his 16 reefs into the three ecological zones mentioned above. Consequently, in order to make direct comparisons, we pooled our transect data from the three depths into these same six categories and our patch reefs into the same three ecological zones. We compared our data with Wallace's (1975) data as percentage changes since 1970-1971 using one-way ANOVAs (Sokal & Rohlf 1981) . No data transformations were performed as data were normally distributed. We also examined the validity of the original zone classification of the patch reefs by cluster analysis using the Bray-Curtis measure of similarity where Similarity ϭ 2jN/ (aN ϩ bN) , where jN ϭ the sum of the lower of the two abundances, aN is the number of individuals in site A, and bN the number of individuals in site B. Similarities were clustered using average between-group linkages.
We estimated the intensity of herbivory on 12 patch reefs using 324 10 cm clippings of the seagrass Thalassia testudinum, as described by Hay (1981; 1984) and McClanahan et al. (1994) . In each patch reef, 27 fresh 10 cm clippings which were free of epiphytes and bites were placed haphazardly on the reef, held by weighted clothes pins, and left for c. 24 hours. After 24 hours, the seagrass blades were examined, the number of bitten blades was recorded and the herbivore type was classified as fish, sea urchin, or amphipod, based on the scar characteristics (McClanahan et al. 1994) . We compared our results with other herbivory assay studies of shallow patch reef or back reef sites using Thalassia. Wallace (1975) reported that patch reefs of Glovers Reef lagoon had approximately 80% hard coral and 20% algae cover during the 1970-1971 period, whereas we found 20% hard coral and 80% algae cover in 1996-1997 (Fig. 2, Table 1 ). These changes are consistent and statistically significant ( p Ͻ 0.001) in all of the reefs zones, although the Acropora and Montastrea Zones, which had the highest levels of hard coral cover, experienced greater losses compared to the PoritesAlgae Zone. All studied species of coral have experienced declines in abundance, but the greatest decline (99.4%) occurred in both species of Acropora (Fig. 3, Table 1 ). Acropora spp. were <1% of the total cover in 1996-1997 (Table 2) compared to approximately 30% of the cover in the 1970-1971 period. The massive coral Montastrea annularis changed the least amongst the studied groups (Table 1) . The dominant cover during the 1996-1997 period was a mixture of brown algae (Lobophora, Dictyota, Turbinaria, Sargassum and Padina; Table 3 ), a lesser abundance of green algae (Halimeda and Dictyosphaeria), and a small component of branching coralline algae (Amphiroa and Jania). Comparisons of the black-and-white photographs in Wallace's (1975) dissertation with our observations support the more quantitative results described above.
Results
Cluster analyses of the original 1970-1971 data indicate that the Porites-Algae Zone was a distinct zone with some mixing of sites amongst the Montastrea and Acropora Zones (Fig. 4a) . The 1996-1997 data do not, however, indicate any distinct groupings amongst zones for the studied patch reefs using Wallace's (1975) original substratum categories (Fig.  4b) . The average similarity of all patch reef comparisons increased from 56.4% in 1970-1971 to 91.2% in 1996-1997 which is largely attributable to the increased dominance of Table 1 Comparison of the percentage change and statistical significance (ANOVA) in the six measured categories used by Wallace (1975) for the 1970-1971 and 1996-1997 between 1970-1971 and 1996-1997 of the major categories of benthic cover for (a to c) each of the three reef ecological zones (Wallace 1975) and for all studied reefs combined (d). Error bars are standard errors of the mean.
algae in 1996-1997. When clustering all groupings, the reefs clustered distinctly by sampling period and not by Wallace's (1975) ecological zones (Fig. 4c) . The 1996-1997 period had only 35% similarity with the 1970-1971 period, while the patch reefs in the ecological zones clustered at about 60% similarity (Fig. 5) . Herbivory studies indicated low levels of herbivory (31% of clippings bitten over 24 hours) on the patch reefs, a value which is typical of previous reports from moderate to heavily fished reefs (Table 4) . Overall, herbivory was low; 87% of the herbivory was attributable to fish, and these were largely parrotfish. We observed that the sea urchin Echinometra viridis was the main sea urchin species biting the clippings (13%). D. antillarum and other sea urchin species were found at very low population densities (Ͻ1 individual/1000 m 2 ).
Discussion
Our study showed changes in the algae and coral communities within the Glovers Atoll patch reefs over a 25-year interval which have occurred at all of the original areas studied by Wallace (1975 Wallace ( ) in 1970 Wallace ( -1971 . A similar change has been reported for the adjacent Belizean Barrier Reef based on annual censuses of corals (Aronson & Precht 1997) .
The greatest change appears to be a 99% reduction in the two species of Acropora and an increase in cover and dominance of algae, particularly the erect brown algae Lobophora. All coral groups have decreased but the smallest loss has been in the massive species, M. annularis. In 1996-1997 there was no evidence for ecological zones in species abundance throughout the lagoon because of the loss of Acropora and Porites, increase in algae, and relative persistence of Montastrea.
Evidence that the originally proposed ecological zones represent successional seres is ambivalent because there were no clear successional changes amongst reef corals from one sere to another over this 25-year period without direct hurricane damage. Additionally, the successional sequence of corals in the Caribbean is still unresolved. Some corals (e.g. species of Acropora and Agaricia) can grow fast and overtop other species while a second group of slow-growing species Ecological shift in a coral atoll 127 can eat these fast-growing species (Montastrea and species in the Faviina; Lang 1973) . There are also examples of longterm reversals in competition amongst species (Chornesky 1989 ) and some investigators have argued that there are no clear competitive-dominant species amongst Caribbean corals (Porter 1974) . Studies of the dominance of space in the western Caribbean suggest that Agaricia tenuifolia is a competitive dominant in this region (Chornesky 1991; Aronson & Precht 1995) . Our study cannot contribute greatly to this debate, but does indicate that the fast-growing species of Acropora were more influenced by disturbances than slowgrowing massive species like Montastrea annularis, and that all species can be reduced when competing with erect algae. Our study suggests that all patch reefs, regardless of their initial state, have returned to an earlier ecological state of succession dominated by algae. The patch reefs within this remote Atoll have not been ecologically stable over the past 25 years, and the observed changes are similar to reports from other, often less remote or isolated, regions of the Caribbean (Lessios 1988; Levitan 1988; Carpenter 1990; Hughes 1994; Shulman & Robertson 1996) and the nearby Belizean Barrier Reef (Aronson & Precht 1997) . The observed changes are most likely explained by white-band disease that has been killing Acropora in this region since the mid 1980s (Aronson & Precht 1997) , and a loss of herbivory which has resulted in a late-successional algal community dominated by fleshy brown forms (Carpenter 1990; Steneck & Dethier 1994; McClanahan et al. 1995; McClanahan 1997) . White-band disease may be a primary culprit for the Acropora die-off but it was not observed amongst patch-reef Acropora during 1996-1997 and, therefore, cannot positively be identified as the cause. The lack of white-band disease observations may, however, not be surprising given the low abundance of Acropora. Our measured rates of herbivory were low and suggest that low herbivory is one important factor that either caused this change or resulted from the change. The isolation of this reef from human influences and the low abundance of nutrient-demanding algae (fast-growing green algae) does not support the contention that the changes were wrought by nutrients, sedimentation, or organic pollution, unless even open-water areas of the Caribbean have been influenced by large-scale nutrification.
In other Caribbean regions, low herbivory has been attributed to the disease-induced mass mortality of the sea urchin Diadema antillarum in 1983 combined with a loss of herbivorous fish through overfishing (Hay 1984) . Population densities of D. antillarum in Glovers Reef were low in 1996-1997 (Ͻ1 individual/1000 m 2 ) and, judging from the photos in Wallace's dissertation, were not very abundant in 1970-1971, although no quantitative censuses of their pre-1983 populations are available. The sea urchin Echinometra viridis was largely responsible for the scars on the Thalassia assays on the Atoll. Fishing intensity at Glovers Atoll is low and herbivorous fish are not a focus of fishing effort ( J. Carter & C. Acosta, personal communications 1997) . This would make it difficult to clearly implicate fishing as the cause for the low herbivory, unless even low levels of fishing can produce changes in fish abundance (Birkeland 1997; Coblentz 1997) and associated rates of herbivory. Nonetheless, the level of herbivory by fish on these patch reefs is typical of that from other moderately or heavily-fished reefs of similar depth and structure (Table 4) . Sea urchin herbivory was, however, low for a fished reef (4% versus the average of 44%), but higher than unfished reefs (c. 1%; Table  4 ). The Belizean government closed one area of this reef lagoon to fishing in 1997 (Carter & Sedberry 1997) . Continued monitoring of these sites should improve our understanding of this pattern and the role of fishing in affecting herbivory.
It is notable that the patterns of Acropora demise and brown algal rise on the patch reefs are not evident in the forereef environment. On the fore reef, A. palmata is very abundant and composed of large colonies; erect algae are not abundant, and, in 1996-1997, the reef appeared similar to the descriptions and profile provided by Wallace (1975) from his 1970-1971 observations and belt transect. This suggests that white-band disease did not eliminate fore-reef populations and that this area has been more resilient to the factors that have caused Acropora mortality and increased algal abundance on the patch reefs. Perhaps greater water movement, flushing, and oligotrophic water prevented these problems, but other reports indicate that white-band disease is common on other oligotrophic fore-reef environments (Gladfelter 1982; Aronson & Precht 1997) . Greater physical disturbance on fore reefs can physically remove erect algae (McClanahan et al. 1995) and this may prevent an accumulation of erect algae which could prevent recolonization of Acropora after a disease. This same water-movement energy on the fore reef also reduces the time spent fishing, which can help maintain the trophic status of this environment. Clearly, there are many possible explanations for the observed patterns, but the different response of fore and lagoonal patch reefs does suggest that the physico-chemical environment can interact with other biotic forces, such as fishing and diseases, to produce ecological shifts. Table 4 A compilation of published herbivory studies in shallow patch and back reef sites that used Thalassia as an herbivory assay and classified bites as fish or sea urchins based on scar characteristics. Results of our Glover's Reef Thalassia assay study are also included (mean Ϯ 1SD. Data presented are the estimated frequency of bites (percentage bitten) on a Thalassia blade over a 24-hour period. Some studies only soaked seagrass blades for a few hours in the day and again at night (Hay 1981 (Hay , 1984 . In order to compare all studies we calculated the hourly mean day and night bite rates of fish and sea urchins and multiplied these hourly rates by 12 (hours) and summed the day and night rates to produce estimates of the 24-hour grazing intensity. Total bites are not always equal to the sum of the fish and sea urchin bites because of the above transformation and because a blade can be bitten by both a fish and sea urchin. Data for all published studies pooled are means (Ϯ1SD 
